


■^■■i 

6116 t 

APORL-TR-75-0433 

CDS 
O 
l/j       RESEARCH IN SEISM0100Y:   EARTH«UAKlä MAGNITUDES 

o Otto W.   Nuttll 
So Qu Kim 
Huei-Yuln Wen 

Department of Earth and Atmospheric Sciences 
Saint Louis University 
St.  Louis,   Missouri    6^103 

lb July 197' 

Scientific Report No. 3 

Approved for public release; distribution unlimited 

Sponsored by 
Defense Advanced rtesearrh Projects Agency 
ARPA Order No. 179^. Amendment #4 
Monitored by 
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 
AIR FORCE SYSTEMS COMMAND 
UNITED STATES AIR FORCE 
HANSCOM AFB, MASSACHUSETTS   01731 

tsproduced by 

NATIONAL TECHNICS L 
INFORMATION SERVICE 

U S Deportment of Commerce 
SprinafiflH VAJ2215I 

D D C 

|Ui   „a 22 isre     1 

c 

St 



ARPA Order No. 1795 
Program Code No. 3PIÜ 
Contractor: Saint Louis University 
Effective Date of Contract: 1 July 1973 

Contract No. P1962b-73-C-ü^69 
Principal Investigator & Pnone No. 
Dr. jtto W. Nutt11/314 535-3300 

Ext. 5^7B 
APCRI. Project Scientist & Phone No, 
Stanley M. Needleman 
Contract Expiration Date: 

31 December 1975 

tOiSSIW lor  

/ 

mi "■"'' 
MnfiWflM 

... , 
□ 

IT  
MWMMI/IWUUIVJ • WSO 

■ int.     *_»;. . 

P 

Qualified requestorj may obtain additional copies from 
the Defente Documentation Center. All others should 
apply to the National Technical Information Service. 

M 

// 

_ mmm * 





1. INTRODUCTION 

This report presents the findings of and summarizes 
the research activity for the 12-nionth Interval 1 July 197^4 
through 30 June 1975.  During that time principal effort was 
devoted to gathering and analyzing body- (mD) and surface- 
wave (Mc) magnitudes for small and Intermediate magnitude 
events In and near Eurasia, In order to RA«k out shallow 
deptn earthauakes which appear anomalous according to the 
rau: Ms criterion.  In the next pnase of the study we shall 
concentrate on seeking explanations as to why certain eartn- 
quakes are anomalous according to that criterion, and, if 
possible, in developing a methodology to predict where such 
anomalous earthquakes will o^cur. 

The procedures used in determining mb and Mo values are 
standard ones .  However, Inasmuch as there are slight dif- 
ferences among investigators in applying the standard pro- 
cedures, a brief description of our methods will be given. 

Tne mb values are determined by use of the Gutenberg- 
Richter (19'36) equation 

»b ■ log (A/T) ♦ Q(h,^ ) (1) 

wnere (A/T) Is taken as one-half the maximum peak-to-peak 
motion (in microns/second) in the first three cycles of the 
vertical component of the P-wave ground motion in the period 
rang« of 0.7 to I.3 seconds.  As a further restriction we 
determine m^ values only from stations at teieseismic dis- 
tances, i.e. greater than or equal to 25°, because at lesser 
distances tne lateral variations in upper mantle structure 
make tne function Q dependent on geographical region. 

Tne Ife values are determined by use of the IASPEI 
formula (Bath, 1969) 

MS ■ 3.30 + 1.66 log ^ + log (A/T)   for 2^° < A < 140° (2) 

and tne Nuttil-Klm (1973) formula 

Ms - 4..LO + 1.07 log ^ + log (A/T)   for 10°^ < 25°  (3) 
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selected munkMtr Of stations.  In general the numoer of ata- 
tlons employed Dy us to estimate mb is less than that ased 
oy NTKIC and ISC, because we used only a selected group of 
stations and because we do not use amplitude data from sta- 
tions at eplcentral distances of less than 25 . 

To compare the 3 sets of mb estimates with each ocner, 
we first found the difference between the NEIC values (arbi- 
trarily taken as standard) and the ISC and our values. Wig 
1 shows histograms for the absolute value of thes^ magnitude 
differences, broken down Into 3 magnitude ranges.  For the 
ranges 4,1 < mb <_ 4.5 and 4.6 < BK < 5.0 approximately 30^ 
of the deviations are no greater than 0,1 unit, and for 
3.1 < mb ^ 5.5 approximately 60^ of the deviations are no 
greater than 0,1 unit. Therefore, on the average, differences 
In the 3 sets of mb values are not large i r.ough to affect the 
values used In the mb;«3 criterion,  Tnere are exceptions, 
nowever.  As can be seen In Pig, 1, the absolute deviations 
were as large as 1,2 units.  In particular, for earthquakes 
In Italy, Yugoslavia and the Greenland Sea the NEIC values 
in some cases were 0,9 or more units larger tnan the ISC or 
our values, tie  have found that in general the NEIC tends to 
overestimate mb values in Central Europe. 

3•2, Standard deviation of mn and Ms estimates 

Pig, 2 presents histograms showing the standard devia- 
tion of our mb and M3 value*.  The figure shows that the 
majority of tne values of the standard deviation of mb fall 
in tne range cf 0.3 to 0.4 units; the corresponding value for 
K3 is 0.3 units. 

3.3- Plots of mb:Mq data 

Pigs. 3, 4 and 3 present the mb: M3 values.  Por Pig 3 
tne mb values are those of the NEIC, for Pig. 4 these of the 
ISC and for Pig. 3 the mb values are ours.  In all cases the 
Mo values are ours, inasmuch as the ISC gave no Mc values and 
the NEIC gave them for only a few earthquakes. 

The solid-line curve in Pigs. 3, 4 and 3 is tne mD: Ms 
curve for Nevada Test Site explosions BA given by Evernden 
et al (1971) when they used the amplitude of 20-second 
perJod Rayleigh waves to determine Ms.  This curve was shown 
to satisfy the data for Soviet underground explosions which 
tooK place from 1 August 1971 through 31 December 1971 (Nuttll 
and Kim, 1973). 

The dotted line in Pigs. 3, 4 and 3 is the 3^ earthquake 
line of Marshall and Basham (1972).  That is, Marshall and 
Basham found that 93^ of the earthquakes they studied nad 
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Love-wave magnitudes can be used to reduce the number 
oi anomalous events by making use or t)r*  observation that for 
underground explosions MS)L Is observed to be 1 or more units 
fj?™' "■? MS,RZ. whereas for earthquaKes they both have 
approximately the same value.  Tnerefore, conservatively it 
can be concluded that any event for which Ms  is greater ^han 
or equal to MS(RZ - 0.3 must be an earthquake.  By this cri- 
terion events number 1, ll, 16, 22. 31, 37. 45. 62. 101.102. 

??' I.?' 1°?' JJi' ll0' 117' 120'   12*'   «l. 133, 134, 135; 130, 14b. 156, I'jj  Can be definitely Identified as earthquakes 
even though their mb:MS)RZ values are anomalous. 

n^vJhe^b0^ J^J^ÜLlß an(i  ^.L^S RZ criteria are em- 
ployed, the list of anomalous ear^ftquaR^s Is reduced to events 
??; ^U36'/3' ?5' 55J 7^ 76, 77, 78, 79, 86, 91, 110, 129 
^ 'l o7'!^1^' lt>0- 0f tnese' eV^^ ^' 36/76: 77 70. Ob, 110, 137, 158 are anomalous only If the NEIC mb value Is 

H.  AFTERSHOCK SEQUENCES 

Previously It was noted that the majority of anomalous 
eartnquaKes were found to occur within Eurasia, rather than on 
Its oceanic coundarles.  It can be seen from Pigs 3 4 and 5 
tnan In general the earthquakes in the Interior tend'to lie in 
one more exploslon-llke part of the rah: Mo plot.  Pi* 6 Is an 
example of an aftershock sequence In Lecnwaa province of 
3ftlna which shows earthquakes that are anomalous or near- 
anomalous by the mD:M3 criterion. 

ro     v1?/115' 6 the eartrtQua^3 of 16 August (1) and 03 Septem- 
ber lall on tne explosion side of the Marshail-Basham and our 
curve,  ^.itnough the remaining earthquakes are on the earth- 
quaKe side of the curves, they He relatively close to the 
curves. 

It Is of some interest to determine if the position of 
the plotted points in Pig. 6 is controlled by the radiation 
of eartnquake energy or rather oy errors in reading the wave 
amplitudes, oecause of contamination by noise.  In an attempt 
to investigate this problem, we have looked at both the time 
nistory and the spectra of earthquanet.- no. 1. 2 and 3 of 16 
August, to determine if no. 1 belongs on the explosion side 
01 the curves and nos. 2 and 3 on the eartnquaKe side. 

Pigs. 7 and 6 show the vertical-component RayleUh-wave 
BPJctrt for stations COL (College. Alaska) and AQU (Aqulla, 
71 ß^anTt^AOU^i^i IÖe ePlcentral distance to COL is 
71.6 and to AQU is 71.4 , 3o that they are almost at the same 
albtance from the epicenter. Their ray paths are entirely 
different, however; the back azimuth to COL is 299° and 
to AOU is 0b0.  An inspection of Pigs. 7 and ö will show 
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5n«r»Ct«riltlcs   oannot  be  related  LO  their   location In the 
sourc« region.     In general,   the dllTerences   In  tnelr m^iHa 
values are  reflected   Doth In  the  time  histories  of  the      0 

snort and  long period,   vertical-component  motions,   and also 
in the spectra  of   the  lon^; period  P ani  Raylelgh waves.     It 
appears  that  earthquakes  In an aftershock  sequence which ' 
have about the same magnitude can have spectra  with differ- 
ent corner periods,   probably a result of difference In the 
stress drops.     This   can lead  to different  nib: Mc  values  for 
earthquaKes  of about  the  same   ■'size." 

Figure  15 shows  mb:Ms valuer  for the  main  snock and 
altershocks  ol   a   sequence In south Slnklang  province,   China 
Tne main shock,   earthquake no.   1 of 15 January,   falls 
slightly on the  earthquake s.de of the  curves.     Some of the 
later aftershocKs   have mp:M^  values  lylnP   -ven  closer to the 
-urves.     In general  there  is a  ten&ency for  the  later after- 
shocks  to move  closer  to  the  curves,   or  to  cross  over to the 
explosion side  of  tnem.     The  same phenomenon  can be seen in 
Fig.  lb,  which is   for an aftersnock sequence   that occurred 
Off tne east   coast  of  Honshu  Island,   Japan.     For that sequence, 
however,   none  of  the  aftershocks had mb: Mo   values  that put 
tnem on tne explosion side of the curve. 

A phenomenon  similar to that shown by  Pigs,   o,   13 and 
lb,   i.e.  a   tendency  for aftershocks  to migrate  to the more 
explosion-like part  of the mD:Ms plot,  appears  in data pre- 
sented  Dy Landers   (1972)   for an aftershock  series  in Tibet 
in 1968,  and  in data presented by Tsai and  Patton  (1973) for 
the 3«n  Fernando,   California  sequence of  1971.     The signi- 
flcane« of their observations  with regard  to nuclear ex- 
plosion discrimination problems did not appear to be recog- 
nized  oy these authors,   or at least not  given much emphasis. 

Tne use of aftershocks  to conceal  an  explosion has been 
suggested as  one  way to evade detection of  the  explosion 
Our findings  that  the  later earthquakes  in an aftershock'se- 
quence  can have near explosion-like mb: Ms   values,   at least 
lor certain earthquake  sequences,  makes  this  evasion tech- 
nique  look even more  promising. 

It should  be  empnasized  that  wt ar«  not   stating  that 
all aftershocK sequences  show a progression   from more earth- 
quake-lika  to more  explosion-like events.     But  some do behave 
tnis way,   as  shown  in  the  examples given above. 
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3.   CONCLUSIONS 

From a study of 1-yj  shallow deptn earthquakes  and 4 
underground explosions   in and near Eurasia  we  found  that 
approximately 2i$ of  the   earthquaKea are anomalous  by  tne 
■tflfe criterion if the  NEIC  mb  values are used.     This number 
is reduced to 12)6 if  the  ISC mb  values are  used and  to 6^ 
if our mt) values are  used.     In general  the  NEIC  nas  larger 
mD  values,   particularly  for events  in Central Europe, 

by using Doth the  mp-Ms and M^ Rz: Ms •    criteria  the 
percentage of dnomalous  earthquakes'is  reduced  to  12jb if 
the  NEIC mb values are  used.   3% if tne  ISC mp  values  are 
used,   and 3% if rur mp   values are used.     These  percentages 
mignt  be  further reduced  if the Love-wave motion were ob- 
tained  oy digitizing  the  horizontal-component  selsmograms 
at  each station and   oy  rotating coorcinates  so as  to have 
one  horizontal  component  perpendicular to  the great-circle 
path and the other along  it.     We  intend  to do this  in future 
studies of some of the  anomalous earthquakes.     Por the pres- 
ent,   however,   we determined  Ms  r only from stations  for wnich 
the great-circle path was  within 20° of the  N-S  or E-W direc- 
tions . 

Using  botn the  mb: Ms  and Mc Rz: Ms ,   criteria  and  either 
the mb  values of the  ISC  or  inohk found by us,   the  anomalous 
Eurasian earthquakes   for  1  January 1972  through 30 June  1972 
are:   no.   21   (Central  Italy),   43   (Tibet),   ^   (Yugoslavia), 
^   (S.  SinKiang),   91   (N.   Sinkiang),   129  (Greece-Bulgaria), 
ISO   (E.   Honshu)  and  145   (Caspian Sea).     This  is about 6% of 
the  total  number of events   considered. 

A.  study of the mb: M3   values  in aftershock  sequences  in- 
dicated  tnat for some  sequences  tnere  is a  progression  in 
time   from a more earthquaKe-llKe main shocK  to more  explosion- 
llke aftershocKS.    Tms   is  not necessarily true  of all after- 
shock sequences,   out  for  those  in which it does   occur It  wou^d 
tend  to aid in evading  detection of an explosion set  off in 
the  later part of such a   sequence. 

8 
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Figure 7a.  Vertical-component Raylelgh-wave 
apectrum for earthquake 1 of 16 August 1971 
as recorded at College, Alaska. 
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Figure 7b.    Vertical-component Raylelgh-wave 
spectrum for earthquake 2 of 16 August 1971 
as recorded at College,   Alaska. 
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Figure 7c.    Vertical-component Raylelgh-wavv 
spectrum for earthquake 3 of 16 August 1971 
as recorded at College,  Alaska. 
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Figure 8a,    Vertical-component Raylelgh-wave 
spectrum for earthquake  1 of 16 August 1971 
as recorded at Aqulla,   Italy. 
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Figure 8b.     Vertical-component Raylelgn-wave 
spectrum for earthquake 2 of 16 August 1971 
as  recorded at Aqulla,  Italy. 
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Figure  8c .     Vertical-component Raylelgh-wave 
spectrum for earthquake 3 or  16 August 1971 
as  recorded at Aqulla,  Italy. 
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Figure 11a.  Spectrum of vertical component of 
P-wave motion from long-period aeismograra for 
earthquake 1 of 16 August 1971> as recorded 
at College, Alaska. 
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Figure lib.  Spectrum of vertical component of 
P-wave motion from long-period seismogram for 
earthquake 2 of 16 August 1971, as recorded 
at College, Alaska. 
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Figure lie. Spectrum of vertical component of 
P-wave motion from long-period aelsmogram for 
earthquake 3 of 16 August 1971. as recorded 
at College, Alaska. 
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Figure 12a.  Spectrum of vertical component of 
P-wave motion from long-period seiamogram for 
earthquake 1 of 16 August 1971> as recorded 
at Aquila, Italy. 
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Figure 12b.  Spectrum of vertical component of 
P-wave motion from long-period selsmogram for 
earthquake 2 of 16 August 1971, as recorded 
at Aqulla, Italy. 
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Figure 12c. Spectrum of vertical component of 
p-wave motion from long-period selsmogram for 
earthquake 3 of 16 August 1971, as recorded 
at Aquila, Italy. 
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Figure 13. Vertical-component p waves for earth- 
quakes of 16 August 1971 as recorded by short- 
period seismographs at College, Alasita. 
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